Since abnormalities of inner medullary function have been proposed in Dahl saltsensitive (DS) rats versus salt-resistant (DR) rats, we performed transporter profiling by semi-quantitative immunoblotting to determine if specific solute transporter abundances are altered in inner medullas of DS rats versus DR rats. Although none of the expressed Na transporters were up-regulated in the inner medullas of DS rats compared to DR rats, there were marked increases in the protein abundances of the collecting duct urea transporters;
INTRODUCTION
collection tube and evaporation was prevented with a layer of mineral oil. Serum was collected from trunk blood after decapitation. Sodium, potassium, chloride, creatinine, urea, phosphorus and bicarbonate levels in serum and urine were determined using an autoanalyser. Serum corticosterone (Coat-A-Count, Diagnostic Products Corp, CA, USA) and vasopressin (Alpco Diagnostics, NH, USA) concentrations were measured by radioimmunoassay of serum samples.
Semi-quantitative immunoblotting: Rats (6 DR and 6 DS) were maintained in metabolic cages (in section entitled Animal protocol), and euthanized by decapitation. The left kidney was immediately removed and the inner medulla (IM) dissected out. The IM was homogenized in ice-cold isolation solution (250 mM sucrose, 10 mM triethanolamine, pH 7.6, containing 1 mg/ml leupeptin, 0.1 mg/ml phenylmethylsulphonyl fluoride) using a tissue homogenizer (Omni 1000 fitted with a micro-sawtooth generator) at maximum speed for three 15sec intervals. Total protein concentrations were measured (BCA kit; Pierce Chemical Co., Rockford, IL) and the samples were solubilized in Laemmli sample buffer at 60 o C for 15 minutes. Semi-quantitative immunoblotting was carried out as previously described (50) in order to assess the relative abundances of individual proteins in the DR rats compared to DS rats. To assure equal loading of the gels, preliminary 12%
polyacrylamide gels were stained with Coomassie blue and densitometry of major bands was performed. For immunoblotting, SDS-PAGE was performed on 7.5%, 10% or 12% polyacrylamide gels (Ready Gels, Bio-Rad, Hercules, CA). The proteins were transferred electrophoretically (Mini Trans-Blot Cell, Bio-Rad, Hercules, CA) to nitrocellulose membranes (Bio-Rad, Hercules, CA). Membranes were blocked for 1hr at room temperature with 5% nonfat dry milk and probed overnight at 4 ο C with the appropriate affinity purified antibodies. Membranes were washed and exposed to one of the following horseradish peroxidase-labeled secondary antibodies for 1 hour at room temperature: rabbit anti-sheep IgG (Zymed Laboratories Inc, no. 81-8620, diluted 1:5000), goat anti-rabbit IgG (Pierce Chemical Co. No. 31463, diluted to 1:5000) or rabbit anti-mouse IgG (Pierce no.
31450, diluted 1:5000). After washing, sites of antibody-antigen reaction were visualized using a luminol-based enhanced chemiluminescence substrate (LumiGLO, Kirkegaard and Perry Laboratories, Gaithersburg, MD) before exposure to light-sensitive film (Kodak, no.165-1579). The band densities were quantitated by laser densitometry (Molecular Dynamics Model PDS1-P90). All band density values were normalized to the mean of the DR control group to facilitate comparisons.
Immunocytochemistry: 3 DR and 3 DS rats were maintained in metabolic cages (in section entitled Animal protocol) and anaesthetized with isoflurane administered via a nose cone. The kidneys were fixed by perfusion via the abdominal aorta with cold phosphatebuffered saline (PBS, pH 7.4) for 60 seconds, followed by cold 4% paraformaldehyde in PBS (pH 7.4) for 3 minutes. The kidneys were removed and the mid-region was sectioned into 5mm transverse sections and post-fixed for 1 hour in cold 4% paraformaldehyde / PBS, followed by 3x10min washes with PBS. The tissue was dehydrated in a series of ethanol concentrations and left overnight in xylene. The tissue was embedded in paraffin and 5 µm sections were cut (Histo-Path of America, MD) and mounted on Superfrost Plus slides (VWR International). Staining was performed as described previously (11) using the following horseradish peroxidase-conjugated secondary antibodies diluted 1: 200; goat anti-rabbit IgG, P448, (DAKO); rabbit anti-sheep IgG, no. 81-8620, (Zymed Laboratories Inc); rabbit anti-mouse IgG, no. 31450, (Pierce Chemical Co). Light microscopy was performed with a Nikon E800 Upright microscope.
Antibodies: Rabbit polyclonal antibodies produced in our laboratory were utilized to label three splice variants of the UT-A urea transporter family, UT-A1, UT-A2 (36) and UT-A3 (52) . In addition, we used previously characterized rabbit polyclonal antibodies to aquaporin-1 (50), aquaporin-2 (9), aquaporin-3 (10), aquaporin-4 (49) and all three subunits (α, β, γ) of the epithelial Na channel (ENaC) of the collecting duct (30). The antisera were affinity purified against the immunizing peptides as previously described (21 
RESULTS

Semi-quantitative immunoblotting
Sodium transporter protein abundances: Despite a propensity for increased total renal NaCl reabsorption in DS rats, there was a marked decrease in the inner medullary abundance of the α-1 subunit of the Na-K-ATPase in DS rats compared to DR rats ( Figure   1 ). The mean Na-K-ATPase α-1 subunit abundance was 23% of the mean for DR rats. The band density corresponding to the α-subunit of ENaC was also significantly decreased in DS rats ( Figure 1 ). Band densities corresponding to β-and γ-subunits of ENaC were not significantly changed.
UT-A urea transporters: Figure 2 shows immunoblots for three urea transporter proteins in the inner medulla; UT-A1 and UT-A3 (expressed in the inner medullary collecting duct (51, 52)) and UT-A2 (expressed in type 1 (short-loop) and type 3 (long-loop) thin descending limbs (tDLs) of the loop of Henle (53)). As can be seen, the two collecting duct urea transporters were markedly increased in abundance, whilst the loop of Henle isoform was unchanged. Band densities for UT-A1 and UT-A3 were increased to 212% and 223% of the DR values, respectively ( Figure 2 ). The abundance of UT-A2 was also unchanged in outer medulla (not shown).
Aquaporin water channels: In inner medulla there were no significant differences in the band densities corresponding to aquaporins 1, 2, 3 and 4 (not shown).
Immunocytochemistry
To confirm the large increases observed in UT-A1 and UT-A3 protein and the decreased abundance of the Na-K-ATPase α-1 subunit, immunocytochemistry was performed using immunoperoxidase techniques. 
Transporter mRNA Abundances.
To address the possibility that the observed differences in protein abundance observed between DS and DR rats are due to altered levels of the corresponding mRNA transcripts, quantitative real-time RT-PCR (qRT-PCR) was used to assess mRNA transcript levels in the renal inner medulla. A summary of the relative abundances of mRNA transcripts in DS compared to DR rats is shown in Table 1 . The normalized inner medullary mRNA abundances of both UT-A1 and UT-A3 were significantly greater in DS compared to DR rats.
Similar to protein abundance, a significant decrease in the α-ENaC mRNA transcript abundance was observed for DS rats compared to DR rats. However, although the normalized inner medullary mRNA level for the Na-K-ATPase α-1 subunit was lower in DS rats compared to DR rats, this was not significant.
Urea permeability in isolated, perfused IMCDs.
To determine whether the increase in abundance of UT-A1 and UT-A3 protein in DS rats contributed to greater urea permeability in the IMCD, urea flux measurements were performed using isolated perfused tubules (6) . In the absence of vasopressin, urea permeability (P urea ) of terminal IMCD segments was significantly greater (P<0.05) in DS 
Role of renal 11β-hydroxysteroid dehydrogenase type II (11β-HSD2).
The major findings in this study were the large increases in abundances of the collecting duct urea transporters, UT-A1 and UT-A3. Urea transporter proteins and transcripts are regulated by a number of factors (44) . Among these factors are glucocorticoids, which increase the fractional excretion of urea and decrease urea permeability (24). This decrease in urea permeability is associated with a decrease in UT-A1 protein abundance in the IMCD (34). Subsequent studies have shown that glucocorticoid administration causes a decrease in the expression of UT-A1 and UT-A3 mRNA transcripts, with no apparent change in UT-A2 mRNA abundance (38) . Therefore, we hypothesized that the large increase in UT-A1 and UT-A3 protein abundance observed in the DS rats, with no change in UT-A2 abundance, may be due to a decrease in glucocorticoid levels, either systemically or in the collecting duct cells. Similar to observations by other groups (42), serum corticosterone concentrations did not show any significant differences between the strains ( Table 2) . We subsequently assessed the relative abundance of renal 11β-HSD2, the enzyme responsible for glucocorticoid degradation in the kidney, in the inner medullas of DS and DR rats. We hypothesized that an increase in the activity or abundance of 11β-HSD2 in IMCD of DS rats may be responsible for a decrease in local glucocorticoid levels and thus lead to an increase in the urea transporters UT-A1 and UT-A3. In DS rat IM homogenates, immunoblots showed a significant increase in 11β-HSD2 protein abundance ( Figure 6A ).
Immunocytochemistry confirmed this result; representative high power images of inner medullary collecting ducts demonstrated a marked increase in 11β-HSD2 labeling in IMCD cells ( Figure 6B ). Labeling conditions and exposure settings on the microscope were identical for both images. Similar observations were made in two additional pairs of rats.
Interestingly, the mRNA abundance of 11β-HSD2 was not significantly greater in DS (1.33 " 0.14) compared to DR (1.00 " 0.06) rats.
To address whether 11β-HSD2 enzyme activity affects urea transporter abundance, we administered carbenoxolone, an inhibitor of 11β-HSD2 activity to DS rats. As shown in Figure 7 , administering 100mg/kgBW/day carbenoxolone by osmotic minipump to DS rats for 6 days resulted in a decreased abundance of UT-A1 (to 75% of control, P<0.05) and UT-A3 (to 57% of control, P<0.05) relative to vehicle-treated DS rats. This decrease in IMCD urea transporter abundance was also associated with an increase in the fractional excretion of urea ( Table 2) . Inhibition of 11β-HSD2 activity caused a significant increase in αENaC abundance (to 315% of control, P<0.05), but band densities corresponding to the Na-KATPase α-1 subunit and β-and γ-subunits of ENaC were not significantly changed.
Discussion
UT-A urea transporters in DS versus DR rats. Urea transporters play an important
role in the maintenance of water balance and can have an indirect influence on NaCl balance as discussed below. Two urea transporter genes are expressed in the human, rat and mouse genomes; UT-A (2, 12, 33) and UT-B (28). In mouse and rat, UT-A encodes for a number of splicing variants that are expressed chiefly in epithelia (44) . In rat, UT-B encodes for a single protein that is primarily expressed in red blood cells and renal vasculature (44) . Within the kidney, three UT-A isoforms are expressed at a protein level:
UT-A1 and UT-A3 are expressed solely in the IMCD (35, 52), whilst UT-A2 is expressed in the thin descending limbs of the loop of Henle (54) . In the present study, UT-A1 and UT-A3, both believed to contribute to the very high urea permeability of the IMCD, were found to be markedly up-regulated in DS compared to DR rats, whilst the loop of Henle isoform was not.
The basic model of urea handling in the renal medulla was elucidated by Berliner and colleagues 45 years ago (3) and has been confirmed and refined by subsequent studies.
Early portions of the collecting duct, i.e. the cortical and outer medullary collecting ducts, do not express urea transporters and have very low urea permeability (23, 45). Hence vasopressin-dependent water absorption in the CCD and OMCD concentrates the urea in the lumen. Once the tubule fluid reaches the IMCD, which expresses urea transporters and has high urea permeability (45) , the urea exits the IMCD into the inner medullary interstitium.
This urea is trapped by countercurrent exchange processes and, in the steady state; inner medullary interstitial urea rises to nearly the same level as the IMCD luminal urea. By this mechanism, the interstitial urea can osmotically balance the very high urea concentration in the lumen, thereby nullifying the tendency for luminal urea to obligate water for its excretion.
In contrast, in the absence of urea transporters in the IMCD, urea would behave as an osmotic diuretic, increasing the excretion of water and non-urea solutes.
Accordingly, modulation of urea transporter activity is a potential means by which water and salt excretion could be regulated. Thus, the higher UT-A1 and UT-A3 urea transporter expression (Figures 2 and 3 ) and the associated increase in urea permeability ( Figure 5 ) in DS rats relative to DR rats could have implications with regard to regulation of extracellular fluid volume and, in part, the long-term maintenance of blood pressure in these two rat strains.
Previous studies in Dahl rats have uncovered roles for a variety of factors in differential regulation of renal function in DS versus DR rats, including; nitric oxide (NO) (5, 13, 19), prostaglandin's (41), P450 metabolites of arachidonic acid (29, 43) and endothelin (17, 18) . To date, none of these factors have been studied with regard to a possible role in renal urea transporter regulation.
Urea transporters are regulated both by long-term and short-term mechanisms.
Short-term regulation of urea transporters in the IMCD is mediated by vasopressin (46) and appears to involve transporter protein phosphorylation (56) . Furthermore, angiotensin II significantly increases vasopressin-stimulated urea permeability in terminal IMCDs and may augment the maximal urea permeability response to vasopressin (20) . Long-term mechanisms involve changes in urea transporter protein abundance seen in response to changes in dietary protein intake (44), glucocorticoids (34, 38) and lithium (22). However, vasopressin has alternate long-term effects on multiple UT-A isoforms. For example, vasopressin does not alter the abundance of the collecting duct isoform UT-A1 (4, 51), but it does increase the abundance of the loop of Henle isoform UT-A2 (54). In our study, although circulating vasopressin levels were relatively high in both DR and DS rats compared to normal rats, no differences in vasopressin levels were observed between the DR and DS strains. This indicates that vasopressin is unlikely to be responsible for the differences in UT-A1 and UT-A3 abundances observed. Amongst the most potent regulators of urea transporters in the IMCD are glucocorticoids, which downregulate transporter activity and abundance by transcriptional mechanisms (34, 38). The pattern of UT-A expression observed in the present study is consistent with regulation by glucocorticoids. The increased UT-A1 and UT-A3 urea transporter protein abundances in DS rats were associated with increases in the corresponding mRNAs, consistent with differences in UT-A gene transcription (or altered mRNA stability) (38) . Although the circulating levels of corticosterone, the major glucocorticoid hormone in rats, were not elevated in DS versus DR rats, we found a marked increase in the abundance of 11β-HSD2 protein in the IMCDs of DS rats. Conceivably, this could have been causative in the increases in UT-A1 and UT-A3 expression in the IMCD. Higher 11β-HSD2 could result in a decrease in intracellular levels of corticosterone, which in turn may cause corticosterone-mediated downregulation of urea transporter gene expression to be reduced. Previous studies have demonstrated that 11β-HSD2 protein levels (4) or activity (1) can be regulated in the collecting duct as part of the overall regulation of collecting duct function.
To further assess the potential link between glucocorticoids, 11β-HSD2 and the increased inner medulla urea transporters we administered carbenoxolone, an inhibitor of 11β-HSD2 activity, for 6 days via osmotic minipump. DS rats administered carbenoxolone had a significantly higher serum corticosterone concentration compared to control DS rats (Table 2 ). In the inner medullas of DS rats, carbenoxolone caused both UT-A1 and UT-A3 protein abundance to decrease significantly compared to control DS rats. This result indicates, for the first time, that 11β-HSD2 activity is an important factor in urea transporter regulation and supports the view that increased 11β-HSD2 activity may be involved in the increase in urea transporter gene expression in the IMCDs of DS rats. However, it must be noted that the effects of carbenoxolone on urea transporter expression would be expected in any rat strain and are not likely to be specific for the Dahl rat model.
Although, as reviewed above, changes in urea transporter activity in the IMCD could theoretically affect water and salt transport, a functional linkage between the increase in IMCD urea transporter expression and the higher blood pressure in DS versus DR rats has not been established. However, recent analysis of the human UT-A gene revealed seven single nucleotide polymorphisms (SNPs), two of which were associated with altered blood pressure in males (40) . It is unclear whether the SNPs observed in this study result in differences in IMCD urea transport that could potentially explain the hypertension observed.
IMCD sodium transporters in DS versus DR rats.
One of the objectives of the present study was to identify Na transporters that might be up-regulated in the DS versus DR rats, thus contributing to the higher systemic blood pressure seen in the former. Although many different apical transporters are expressed along the renal tubule, only the amiloridesensitive Na channel (ENaC) is expressed in the apical plasma membrane of the IMCD (15).
This channel is made up of three different subunits, α, β and γ, coded for by different genes (14) . The α-subunit appears to be the chief target for regulation by adrenal corticosteroids (30, 31, 47) . In the present study, none of the subunits were increased in abundance in the inner medullas of DS compared to DR rats. In fact, the α-subunit was strongly down-regulated, perhaps as a result of the marked increase in 11β-HSD2 expression in the same cells. Consistent with this view, the protein abundance of α-ENaC was markedly elevated when 11β-HSD2 activity was inhibited with carbenoxolone. This is an important observation, since there is no prior evidence in the mammalian kidney that 11β-HSD2
inhibition mimics the action of aldosterone, as seen here. Prior studies by Stokes and colleagues have provided evidence for an important role for glucocorticoids in the regulation of amiloride-sensitive Na channel abundance (32, 47) and activity (16, 26) in the IMCD, supporting the view that baseline 11β-HSD2 levels in these cells are not so high as to constitutively consume all glucocorticoid presented to them. Thus, the results from our study
show that 11β-HSD2 abundance has the potential to modulate glucocorticoid action in IMCD cells.
Summary. In this study we have provided novel evidence that two of the collecting duct urea transporters, namely UT-A1 and UT-A3, are increased in abundance in the DS rat compared to the DR rat. Furthermore, an increase in 11β-HSD2 abundance observed in the DS rat may contribute to this increased UT-A expression in the IMCD. Further studies are required to determine if urea transporter regulation can play a direct role in the hypertension observed in these rats. High power images demonstrate a marked decrease in Na-K-ATPase α-1 subunit labeling in the Dahl salt-sensitive rats compared to salt-resistant rats. Figure 1 .
